Abstract: A series of anionic polyurethane prepolymers with different molecular structures were synthesized. Different amounts of hexamethylene diisocyanate (HDI) and toluence diisocyanate (TDI) were employed in the synthesis. When the carboxylic content was 0.3 mmol/g, the colloidal stability of the polyurethane dispersions was rather good and their particle size was nano-scale. Moreover, no acetone or other solvent were used during the process of emulsification. The structures of the polyurethane prepolymers were characterized by Fourier transform Infrared spectrometry with attenuated total reflectance (FTIR-ATR) and Gel permeation chromatography (GPC). It was found that the mass ratio of HDI to TDI was able to be quantitatively analyzed by means of FTIR-ATR. The molecular weight and distribution did not show a regular trend with the changing of HDI/TDI ratio. The influence of diisocyanate on the particle size and the coating properties was investigated. It seems that hexamethylene diisocyanate was helpful for obtaining nano-scale particles. These polyurethane dispersions could obtain an average particle size less than 100 nm when mass ratio of HDI/TDI was above 0.25. The polyurethane dispersions with nano-scale particle had a transparent appearance with a bluish cast. It is indicated that the hydrophilic efficiency would be improved and the coating hardness decreased if more HDI was employed.
Introduction
UV-curable polyurethane dispersions have gained considerable attention from academia over the past few years, by virtue of its environmental-friendly nature and versatile structure-property relationships of polyurethane [1] [2] [3] .
Nano-scale polyurethane dispersions have excellent performances of emulsion stability, permeability and wettability [4] . In addition, they are also good dispersants of pigments [5] . Furthermore, preparation of nano-scale UV-curable polyurethane dispersions is the premise for production of polyurethane microgels and composite microgels [6] [7] [8] .
Increasing the content of hydrophilic group is the traditional method for producing nano-scale emulsion paricles, which is very efficient. For example, the polyurethane can gain the hydrophilicity and was stabilized in the dispersions by incorporating the carboxylic group into the backbone or side chain. Generally, the average particle size may be reduced to less than 50 nm when the carboxylic content is more than 0.4 mmol/g [9] [10] . However the influence of other molecular segments, except hydrophilic groups, on the particle size of water-borne polyurethane is rarely reported in the literature.
In this study, the influence of aliphatic diisocyanate and aromatic diisocyanate on the particle size and properties of the polyurethane dispersions was investigated. By adjusting ratio of HDI to TDI, a series of nano-scale polyurethane dispersions were obtained even when the carboxylic content was 0.3 mmol/g.
Conventionally, a certain amount of acetone or other solvent has to be added into the polyurethane before emulsification for producing stable dispersions [11] . But in our experiments, a small quantity of solvent was needed for dissolving DMPA and no other additional solvent was added for reducing the viscosity of emulsification, which was attributed to the flexible aliphatic diisocyanate introduced in the polyurethane structure.
Results and discussion

Molecular characterization of polyurethane prepolymers
The synthesis route of water-borne UV-curable polyurethane prepolymer is illustrated in Fig. 1 . Polyurethane prepolymers with different molecular structure were obtained when HDI/TDI ratio was adjusted, which were detected by FTIR-ATR. The top spectrum in Fig. 2 is for NWPU-100 prepolymer. Below the spectrum for NWPU-100, the spectra for NWPU-50, NWPU-33, NWPU-20, and NWPU-0 in sequence are presented. The spectra (Fig. 2) The aromatic ring has an influence on the strength of deformation vibration absorption band at 1530 cm -1 . The peak area of 1530 cm -1 increases with the increase of the aromatic ring content. While the absorption bands for methylene group at 2854 cm -1 and carbonyl at 1726 cm -1 keep almost the same shape and strength.
The stretching vibration absorption band for aromatic ring is observed at 1600 cm -1 . The IR spectrum for NWPU-100 has no absorption band at 1600 cm -1 since no TDI was employed. Because the content of TDI increased gradually, the strength of absorption band at 1600 cm -1 becomes stronger and stronger.
In fact, the strength of the band at 1600 cm -1 was proportional to the aromatic ring content, which may be used for quantitative analysis in the future. In order to verify this point of view, we defined the ratio of the peak area at 1600 cm -1 (A 1600 ) to the peak area at 1726 cm -1 (A 1600 /A 1726 ) as PAR. A 1600 refers to the area between line 1575, line 1631 and the spectrum curve, and A 1726 refers to the area between line 1631, line 1776 and the spectrum curve, as illustrated in Fig. 3 . Considering the carbonyl concentration in the prepolymer was nearly a constant, A 1726 was regarded as an index of the total concentration of the prepolymer. It is noticed that the value of A 1600 /A 1726 for NWPU-100 is not zero due to the influence of other absorption bands. In order to put out the influence of other absorption bands, the value of A 1600 /A 1726 for NWPU-100 will be eliminated from that of PAR. Finally, PAR can be given by: given by / Mw Mn are in the range of 2.6 to 3.1. If HDI and TDI, in the first step of synthesis, have a rather large difference in the reactivity, a large molecular weight and a broad distribution will be formed in the end. It can be seen from the results of GPC that the polyurethane prepolymer synthesized in the experiments does not have a very large molecular weight, which is consistent with the designed molecular structure of polyurethane prepolymer. The molecular weight and PDI do no't show a regular changing trend with the increasing of HDI/TDI ratio. It is indicated that the reactivity of HDI and TDI does not show a large difference in the first step of synthesis. Polyurethane dispersions were formed when the polyurethane prepolymers were emulsified in water. The particle size distributions of the polyurethane dispersions are shown in Fig. 6 . It can be seen that the particle size distribution becomes broader with the increasing HDI/TDI ratio. Both the volume-average particle size and the number-average particle size decrease with the increasing of HDI content, as reported in Tab. 4. The volume-average particle size of NWPU-100, in which only HDI was employed, is 38 nm. While the number-average particle size of NWPU-100, in which only TDI was used, is 158 nm. Among the prepolymers in Tab. 4, those dispersions with HDI/TDI ratio above 25% have a particle size below 100 nm. The polyurethane dispersions with nano-scale particle have transparent appearance with a bluish cast. Fig. 7 . The three types of the carboxylic segments for the polyurethane prepolymers.
In the first step of synthesis, diisocyanate reacted with polyether diol and the oligomer terminated by isocyanate group was formed. In the second step, there would be two types of isocyanate groups involved in the extension reaction, one is aliphatic isocyanate provided by HDI, and the other is aromatic isocyanate provided by TDI. Therefore, three types of carboxylic segments were formed in the molecular structure of the final prepolymer, as shown in Fig. 7 . The carboxylic segment ended with two aromatic groups is defined as Type A. For Type B segment, DMPA is ended with TDI at one side and HDI at the other side. For Type C segment, DMPA is ended with HDI at both sides. In the molecular structure of Type A, the steric hindrance of aromatic rings could reduce the interaction between water and carboxylic groups while methylene groups in the structure of Type B could not produce so much steric hindrance. It would be easier for water molecules to enter into the segments of Type B and interact with the carboxylic groups. Type B would have greater hydrophilic efficiency than Type A due to the steric hindrance effects of their structures. The hydrophilic efficiency of Type C would be in the middle of Type A and Type B.
When more HDI was employed in the synthesis, the content of Type B and Type C segments increased in the final structure of polyurethane prepolymers. This would improve the hydrophilic efficiency of prepolymer. As a result, the particle size of the dispersion would become smaller with the increasing of the HDI dosage even at the same carboxylic content.
Properties of the polyurethane dispersions and their films
All of the polyurethane dispersions went through at least 5 freeze-thaw cycles and 20 hours in thermostat at 50 o C and no coalescence and sedimentation occurred during the testing. Dilution with pure water did not cause coalescence and sedimentation; even the dispersions were diluted to 3 wt% solid content. It seems that the emulsions show a rather good stability.
The polyurethane coatings were prepared after drying and UV curing. Tab. 5 summarizes the mechanical properties of the cured coatings. It is believed that aromatic rings show a better hardness in macroscopic properties, so the coating hardness increases with the increasing of TDI usage. It can be seen from Tab. 5 that NWPU-20 has the same hardness as NWPU-0. But NWPU-0 has a much larger particle size than NWPU-20, which is due to the addition of HDI. 
Experimental part
Materials
Tolylene diisocyanate (TDI, analytical pure, the ratio of 2,4-tolylene diisocyanate to 2,6-tolylene diisocyanate is 80/20) and 1,6-hexamethylene diisocyanate (HDI, >99.5%) was used without further purification. Dimethylol propionic acid (DMPA, >99%), polytetramethylene glycol (PTMG, M w =1000 g/mol) were maintained in vacuum at 110 o C for 2 hours to remove the moisture. 2-Hydroxyethyl methacrylate (HEMA, >98%), N-methyl-2-pyrrolidone (NMP, analytical pure) and triethylamine (TEA, analytical pure) were dried by molecular sieves. Dibutyltin dilaurate (DBTL, analytical pure) was used as catalyst. P-Hydroxyanisole (analytical pure) was used as an inhibitor.1-Hydroxy-cyclohexyl-phenyl-ketone (IRGACURE184, Ciba) was used as a photoinitiator.
Synthesis and neutralization of anionic self-emulsified polyurethane prepolymers
The polyurethane prepolymers were synthesized in a three-necked glass flask, which was dried at 150 o C for 30 minutes before usage. The reaction was carried out under N 2 purge. The amount of the -NCO group during reaction was monitored using dibutylamine back titration method.
After passing the nitrogen gas for 10 minutes to eliminate the residual moisture, the diisocyanate monomers and PTMG were poured into the reactor. The reaction temperature was raised to 80 o C. When the amount of the -NCO group reached to the end point of the reaction, the reaction temperature was reduced to 60 o C. At this reaction temperature, DMPA was added to extend the polymer chain and incorporate carboxyl as the hydrophilic group. NMP was used as the solvent to dissolve DMPA. In the end, HEMA was poured into the reactor to react with the residual -NCO group and incorporate unsaturated C=C group into the polymer.
The polyurethane prepolymers neutralized with TEA for 15 minutes were transferred to the plastic cups and prepared for emulsification.
The compounds employed in the synthesis, the values of carboxylic content and of aromatic ring content are presented in Tab. 1. Emulsification procedure and preparation of UV-curable polyurethane dispersions 3 wt% of Irgacure 184 was added into the polyurethane prepolymers before emulsification. The emulsification procedure was carried out by IKA RW20DZM.n agitator with a four-bladed stirrer (Type R1342,diameter= 4 cm). Water was dropped into the polyurethane prepolymers at a rate of 50 ml /hour to form an aqueous dispersion. The agitation speed was controlled at 1200±50rpm. The temperature of emulsification was maintained at 30 o C. The final solid content of polyurethane dispersions was 30%. No evaporation procedure was needed after emulsification because no acetone or other solvent was added to adjust the prepolymer viscosity.
Tab
Drying and UV curing of UV-curable polyurethane dispersions
The iron board was coated with the UV-curable polyurethane dispersion by a applicator of 50 μm film thickness. The wet coating was dried by infrared lamps (500 watt) to get rid of the water. Then the dried coating was cured by a UV lamp (1000 watt) to form a cross-linked film before testing.
Characterization
FTIR-ATR was used to characterize the structure of the polyurethane prepolymer. This experiment was performed on a Fourier Transform Infrared Analyzer (VERTEX 70, from Bruker). The polyurethane prepolymer was coated on a KBr flake and dried in vacuum at 120 o C for 1 hour to get rid of the NMP solvent.
The molecular weights and the molecular weight distributions were measured by Gel Permeation Chromatography (GPC) and performed on Agilent 1100 Series equipped with Plgel 5μm Mixed Column. The flow rate of the carrier solvent, tetrahydrofuran, was 1 ml/min. G1362A Differential Refractometer was used as the detector.
Quasi-elastic light scattering (Zetasizer 3000HSA from Malvern Instrument) was used to investigate the particle size and particle size distribution. The polyurethane dispersion was diluted to about 0.3% by the pure water for test.
The test of Pencil hardness, Adhesion, Impact strength for the polyurethane coatings followed GB/T 6739-1996, GB 1720-1989 and GB/T 1732-93, respectively. The storage stability of emulsion was tested by the following methods. The dispersions were maintained in thermostat at 50 o C for at least 20 hours and displaced in the ambient temperature for 3 hours. After that, coalescence and sedimentation of the dispersions were examined. The minimum number of hour was recorded as the evaluation for the storage stability.
The dilution stability of emulsion was tested by adding pure water into the dispersions. The dispersions were diluted to the solid content of 3 wt%. If no coalescence and no changes of the appearance occurred during the test, the stability of emulsion was given a grade of "Good". Otherwise the emulsion was marked with "Poor".
